Abstract The exposed Glarus thrust displays midcrustal deformation with tens of kilometers of displacement on an ultrathin layer, the principal slip zone (PSZ). Geological observations indicate that this structure resulted from repeated stick-slip events in the presence of highly overpressured fluids. Here we show that the major characteristics of the Glarus thrust movement (localization, periodicity, and evidence of pressurized fluids) can be reconciled by the coupling of two processes, namely, shear heating and fluid release by carbonate decomposition. During this coupling, slow ductile creep deformation raises the temperature through shear heating and ultimately activates the chemical decomposition of carbonates. The subsequent release of highly overpressurized fluids forms and lubricates the PSZ, allowing a ductile fault to move tens of kilometers on millimeter-thick bands in episodic stick-slip events. This model identifies carbonate decomposition as a key process for motion on the Glarus thrust and explains the source of overpressured fluids accessing the PSZ.
Introduction
Due to its spectacular and unique appearance as a sharp line in the landscape (Figure 1a ), the Glarus thrust in the Swiss Alps has fascinated scientists for more than 150 years as recognized by the United Nations Educational, Scientific and Cultural Organization [UNESCO, 2014] . In the mid-1800s, Escher von der Linth first suggested the idea of a single thrust, which finally became accepted at the beginning of the twentieth century [Heim, 1922] . By the late 1960s to 1980s, it was evident that the movement of thick nappes on a thin thrust plane was difficult to explain by the traditional concepts of mechanics. Hence, the concepts of thrust lubrication were developed to overcome this paradox [Hsü, 1969; Hubbert and Rubey, 1959; Schmid et al., 1977] . The experimental study of Schmid et al. [1977] demonstrated that such localized lubrication effects may be due to prolonged ductile deformation. Subsequent geochemical studies have identified slipcorrelated chemical alterations [Herwegh et al., 2008b; Hürzeler and Abart, 2008] and postulated the presence of pressurized fluids causing hydrofractures on the thrust plane [Badertscher and Burkhard, 2000; Badertscher et al., 2002; Burkhard et al., 1992; Ebert et al., 2007a; Ring et al., 2001] .
[see Ebert et al., 2007a, and references therein] , is surrounded by the Lochsiten calc-mylonite, which exhibits intense ductile deformation, as well as brittle events of fracturing and calcite veining. It also provides clear evidence of chemical alteration and mixing of the footwall and hanging wall, expressed for example through the gradient of the carbon isotopes (Figure 1b ).
In the fault core, ductile dynamic recrystallization [Ebert et al., 2007a] is recorded through progressive reduction in calcite grain size toward the PSZ (Figure 1b) . The PSZ itself does not follow the ductile deformation pattern of the fault core but displays distinct deformation events under brittle conditions as evidenced by hydraulic fractures shown in Figure 2a (inset).
The simple planar appearance of the Glarus thrust belies a complex and long-lasting time evolution [Ebert et al., 2007a; Herwegh et al., 2008b; Pfiffner, 1980] . Microstructural and geothermometric investigations [Ebert et al., 2007a] reveal multiple brittle events interrupting ductile deformation along the thrust, as evidenced by recurrently folded calcite veins (Figure 2a ). This sequence is illustrated by ultrafine-grained (<2 μm) mylonites in the northern exposures of the thrust, changing to somewhat coarser-grained mylonites (3-20 μm) for the hotter conditions in the south, the latter being dominated by dislocation creep as the major deformation mechanism.
The superposition of brittle and ductile deformation structures in space and time is therefore cascading over three spatial scales (Nappe: kilometer scale, fault core: meter scale, and PSZ: millimeter scale) and two time scales (slow ductile creep and fast slip on the PSZ). To date, there is no plausible explanation for juxtaposition and reciprocal overprinting of brittle and ductile deformation styles at these elevated metamorphic conditions. Access of an overpressured fluid to the thrust could explain the switch from slow ductile to fast brittle deformation. However, we argue that the mechanism delivering overpressured fluids remains undetermined and the episodic nature remains unexplained. This is one of the reasons for the long-lasting debate on the origins and associated deformation mechanisms of the Glarus thrust. However, this thrust is not unique as similar episodic slip events are inferred all along the Helvetic Alps at similar crustal levels [Badertscher and Burkhard, 2000; Herwegh et al., 2008a] as well as in other thrusts around the world [Kennedy and Logan, 1997; Molli et al., 2011] .
We suggest that the problem can be resolved by considering the overall displacement of the Nappe (~40 km) as a stick-slip phenomenon in the ductile realm, with seismically active episodic fast slip events followed by ductile aseismic creep. In the following, we will test a model that is capable of reconciling the spatial and Figure 1b shows a steep gradient of stable carbon isotopes [Herwegh et al., 2008b] , transitioning from the hanging wall chemistry to the footwall. This chemical gradient is accompanied by mechanical deformation, as evidenced by the formation of the PSZ and the sharp reduction of the average calcite grain size [Ebert et al., 2007a; Herwegh et al., 2008b] in the fault core (right inset of Figure 1b ). temporal complexities. This model is based on first principles and can explain the episodic release of overpressured fluids by in situ fluidrelease reactions.
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The Model
Laboratory experiments [Han et al., 2007] , theoretical studies [Sulem and Famin, 2009] , and geological observations of mineralogy and chemical alteration patterns [Collettini et al., 2013; Famin et al., 2008; Herwegh et al., 2008b] independently suggest that carbonate decomposition and precipitation are the key reactions during seismic events. Based on the carbonate-rich nature of the Glarus rocks, we adopt this suggestion as the reaction controlling the primary alteration in the fault core. Carbonate decomposition (±water) is an endothermic reaction and so requires the addition of heat to be activated. The generated CO 2 behaves as a supercritical fluid at depth, and the oxides, being highly unstable, could also react further with other minerals or water if present. Knowing for the importance of these water-associated reactions in the natural cases, we neglect them for the moment for the purpose of highlighting the principal processes only and discuss the process on the example of the water absent chemical reaction. We therefore consider a generic formulation for solid breakdown reaction of the type AB solid ⇌ ωR ω F A solid þ B fluid and apply the theory from equation (6) in to carbonates, with all equations and corresponding parameters defined therein.
Microstructural observation on the deformation mechanism place the Glarus thrust (location Lochsite) in conditions of ductile creep, at about 7-8 km depth, having an ambient temperature T b of around 220°C and a lithostatic pressure of around 200 MPa [e.g., Ebert et al., 2007a] . Within the framework for episodic tremor and slip events , we use plate tectonic boundary conditions to drive the movement of the hanging wall and footwall. Based on geological and experimental observations, we apply in the fault core a standard power law ductile rheology. The key ingredient of the physics considered in this model is mechanical dissipation appearing as viscous shear heating [Duretz et al., 2014] that produces the heat required to trigger carbonate decomposition (see discussion on chemical reactions capping the uncontrolled temperature rise from shear heating in Veveakis et al. [2010] ), which in turn will release supercritical CO 2 causing chemical pressurization, i.e., the buildup of a CO 2 pore fluid pressure. The corresponding system of equation reduces to a couple set of reaction diffusion equations for temperature T and excess pore fluid pressure p f . . The different arrays of old slip zones are folded (SZ2-SZ5) and overprinted by ductile deformation, while the youngest slip zones still show their planar geometry. The inset shows an example of a hydrofracture on one PSZ. The (1) hydrofracture branches into a (2) diagonal offshoot with the (3) shear plane continuing along the slip direction. This calcite mineralization setting is akin to a pseudotachylyte injection feature in granitic systems, where the melting-recrystallization process is replaced here by carbonate decomposition/precipitation. The difference resides in the activation energy of the two reactions, with carbonate decomposition (300-650°C)/precipitation being admitted at much lower temperatures than melting(on the order of 1200°C)/ recrystallization. (b) Phase diagram in p f -T space showing the cyclic behavior at the center of the PSZ as described in text. (c) Cyclic time evolution of the modeled oscillator. The strain rate ( Á ε), porosity (equal to the volume ratio of produced CO 2 ), and volumetric content of oxide (CaO) highlight the stick-slip nature of the process. The parameter values used are listed in Table 1 .
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The system is characterized by three main dimensionless groups: (i) the Gruntfest number Gr defined as the ratio of the energy input through mechanical work divided by the energy (enthalpy) required for the reaction, (ii) the modified Lewis number Le expressing the ratio of chemical over hydraulic diffusivities , and (iii) the ratio K c of the preexponential factors of the kinetics of the forward over the reverse reaction. Asymptotic and numerical analyses for this system of equations reveal three fundamental steady state regimes, determined by the eigenvalues of the solutions Veveakis et al., 2014] . Depending on the values of the parameters and initial conditions, the fault can creep in a stable manner or assume instabilities that are either solitary or periodic. Based on the field evidence (Figure 2a) , we are interested in the periodic regime, which is admitted when the following inequalities are met simultaneously Veveakis et al., 2014] Gr > 1 þ e Ar θb Ar δ e ÀaAr ; Le < Ar À3=2 ; log K c ð Þ≫1
( 1) where Ar = Q F /(RT c ) and α = 1 À Q d /Q F . In these expressions, Q F is the activation enthalpy of the forward chemical reaction, Q d is the activation enthalpy of the rheology, and Ar is the Arrhenius number expressing the extent of the reaction with activation enthalpy Q F taking place at reference temperature T c . The quantity θ b = (T b À T c )/T c is the dimensionless boundary temperature, and δ ≪ 1 is the ratio of the energy sinks of the problem, i.e., the enthalpy of the endothermic reaction divided by the thermal conductivity of the system [see Alevizos et al., 2014] . As this formulation is generic, it can be applied to multiple chemical reactions using the principle of linear superposition [Law, 2006] . The transient regimes can be resolved numerically and can reveal chaotic system behavior that can be applied to specific case studies .
Here we use this model to test the validity of the assumption that carbonate decomposition could be a key driver of the Glarus thrust evolution. We assume that the system is chemically closed and isolated from external fluids. This means that there is no net loss or gain of volume or mass through the boundaries of the mechanically deformed fault core and the conservation of the chemical species is ensured. Therefore, any fluids have to either be preexistent and in equilibrium with their host or generated from solid phase breakdown. Note that this simplification is in contrast to the observations of the Glarus thrust, where an open system with infiltration and exfiltration of fluids has been suggested in various studies [e.g., Badertscher et al., 2002; Hürzeler and Abart, 2008] . As stated above, however, we keep the system as simple as possible for the moment in order to unravel the effect of first-order processes.
The periodic regime is characterized by a multiphysics oscillator in the fluid pressure (p f )-temperature (T) phase diagram (Figure 2b ). Starting at any p f and T, the evolution of the p f and T conditions will converge on a stable limit cycle. For example, from the creeping flow regime, temperature slowly increases (δ to α) due to shear-heating-outpacing thermal diffusion. When temperature exceeds point α, the cycle evolves rapidly (Figure 2c ). The temperature increases abruptly up to the activation of the reaction, while the pore pressure increases slightly due to the fluid compressibility. The reaction then releases supercritical CO 2 , increasing fluid pressure and porosity until a maximum value of porosity and strain rate (point β). Past this point, temperature decreases while fluid pressure becomes sufficiently high to cause hydraulic fractures (point γ).
The fluid now lubricates the depleted central part of the shear zone, and the diffusion slowly brings the system from point γ to point δ, from which it slowly creeps back to point α. Since full reversibility of the chemical reaction was assumed, this cycle will then repeat itself indefinitely (Figure 2b ). Note that in the present approach, the fracture process itself is not implemented.
Results
The puzzling spatial observations of three length scales (Nappe, fault core, and PSZ) are tested by our model, and we present its overall calibration process for all the dimensionless parameters listed in . We start by recalling from that the two length scales of the fault core thickness (h, on the order of 1 m) and PSZ (d, on the order of 1 mm) are correlated, respectively, to the Zel'dovich numbers of the rheology and (forward) chemical reactions
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The 2 orders of magnitude difference observed, h ∼ 10 2 d (Figure 1b) , imply that Q F ≈ 2Q d , and therefore, α = 0.5.
The geological and mineralogical conditions considered (carbonate-rich thrust at 7 km depth) match the example presented in Table 1 and Appendix A of Alevizos et al. [2014] , and we can therefore use the parameter values presented there. In particular, we set Ar = 40, δ = 2.6 × 10 À 3 , and θ b = À 0.2 and calibrate the remaining dimensionless parameters against the spatial and temporal field observations reported in the previous section. The value of Q F ≈ 210 kJ/mol is then determined from the values of Ar, θ b , and T b . Since α = 0.5, this value Q F would provide an activation energy for the rheology Q d ≈ 105 kJ/mol, that is smaller than for the case of pure calicte (see Table 1 ). This result would imply a polymineralic nature of the fault core's matrix.
Alternating structures consisting of greyish host rock and white calcite veins transformed by subsequent ductile deformation into mylonites (Figure 2a ) suggest episodic brittle-ductile events in the Glarus thrust within the fault core. Although there is no quantitative timing of the slip events, these observations constrain the system to be in its periodic regime and therefore to obey equation (1). From these inequalities, Gr and Le can therefore be selected close to their critical values, Gr = 10 À 5 and Le¼70.
The spatial observations of the exposed thrust allow for a more quantitative calibration of the model. The widths of the observed PSZ and chemical alteration zone (Figure 3a) can be explained by the interplay of mechanics and chemistry as shown in Figure 3b and allow us to set the values of the remaining groups by matching the numerical results (Figure 3b ) with the field observations (Figure 3a) . Veveakis et al. [2014] showed that the spatial extent of the chemical mixing zone (area 2 in Figure 3a ) depends either on K c or on the normalized enthalpy of the reaction x = ΔH/Q F , where ΔH = Q F À Q R is the enthalpy of the reaction defined as the difference of the forward and reverse values. The two are equivalent, and we fix therefore x = 0.5 and invert the value K c = 7 × 10 8 . Based on the retrieved values of all dimensionless groups, we invert for a given set of the underlying physical parameters (Table 1 ). All inverted values are in Alevizos et al. [2014] for the definition of the model parameters and more detailed explanation of the theory.
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the ranges reported in the literature for calcite decomposition/precipitation, pointing it as the dominant carbonate driving this oscillator.
The resulting slip instability is marked by a rapid increase in strain rate that is tightly localized into a central PSZ, where the carbonate has been decomposed ( Figure 2c ). The strain rate on the central PSZ increases by at least 5 orders of magnitude during the instability (Figure 2c ), reproducing the observed dichotomy (stick slip, Figure 2a ) in deformation styles. Starting with an initial value of 1 vol %, the porosity in the PSZ reaches 70 vol % along a narrow slip plane in a short period of instability in which the carbonate is depleted. The temperature increase depends on both the percentage of carbonate that reacts and the activation temperature of the breakdown reaction and the preexistence of a hydrous phase. The absolute value of the maximum temperature reached is determined by the activation temperature of the decomposition reaction selected. In this paper we have considered carbonate decomposition as the driving reaction, without specifying its exact nature. Field evidence at the Spoleto thrust [Collettini et al., 2013] suggests CaCO 3 decomposition/precipitation as the dominant reaction, in which case the activation temperature would be in excess of to 650°C [Rodriguez-Navarro et al., 2009] . However, the presence of MgCO 3 could reduce the activation temperature as low as 330°C [L'Vov, 2007] or even lower in the presence of hydrates. To date, no field evidence has been documented of such decomposition for the Glarus; yet the coexistence of calcite and dolomite in the Glarus tectonites pleads in favor of such reduced decomposition temperatures. In any case, we emphasize that the chemical cycle is a confined (Figure 3b ) and short-lived event as the temperature only remains above 300°C for less than 36 h in the most extreme case of CaC0 3 in CO 2 (Figure 2c ). Circumstantial evidence of such heat can be inferred from the resetting of the microstructure from earlier slip through thermal overprint of the latest event. We observe indeed a grain size profile with a single minimum around the latest PSZ (Figure 1b ) instead of the expected various local minima corresponding to all PSZs (Figure 2a ). Stable phases that record such tectonothermal events and conclusively determine the nature of the chemical reaction are expected to be of nanometer scale, and investigations at that scale using novel techniques [Savage et al., 2014] should be encouraged. Note that the thermal reset can occur within hours for the fault core conditions considered here [Covey-Crump, 1997] , making a proof of the existence of decomposition products very difficult after the long exhumation history after the seismic initiation.
Discussion and Conclusion
We have approached the Glarus thrust field observations by a first-order, multiphysics analysis which investigates the fundamental material behavior. The puzzling spatiotemporal sequence can be explained by [Herwegh et al., 2008b] . (1) A mixture of carbonate and Verrucano defines the youngest PSZ. Below the PSZ a complex zone of (2) yellowish-white calcite veins fingering into the (3) mylonitic greyish host carbonate of the fault core is visible. The complex zone shows the signs of both chemical and mechanical mixing. Image modified from Herwegh et al. [2008b] . (b) Numerically generated results showing the profiles of the strain rate Á ε, porosity (chemically produced CO 2 ), and volumetric content of oxide (CaO) across the fault core on the most recent slip event (point β in Figure 2b ). The co-location of mechanical deformations and chemical alterations is as observed in Figure 3a , highlighting the causal relationship between those two phenomena. The mechanism also suggests that fluid originates from the PSZ, producing CO 2 at maximum fluid pressures exceeding lithostatic stress ( Figure 2b ) and injecting the produced fluids into the mylonitic host carbonate as seen in Figure 2a . The reverse reaction precipitates significant portions of calcite in a distinct zone surrounding the PSZ.
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10.1002/2014GL061715 a carbonate oscillator, which self consistently switches from slow to fast modes under a critical driving force without any arbitrary external influence (such as imposed stick-slip boundary conditions or highly pressurized fluid input). In our model, the Nappe is seen to creep on a fault core, which through its ductile creep process raises slowly the temperature by shear heating. At a critical moment when the heat triggers the endothermic carbonate breakdown reaction, the system switches to a fast, ultralocalized slip event on the central PSZ. When the carbonate on the PSZ is almost entirely consumed, the fast slip stops, and the exothermic reaction of oxides with CO 2 forms new carbonates. After the breakdown, the system cools within hours down to the ambient temperature conditions of the host rock. Although we have considered a carbonate breakdown reaction, the same type of instability will occur under more complicated and perhaps more realistic mineralogical transitions involving the release of a hydrous fluid phase. There is certainly much uncertainty for the laboratory-determined parameters; however, dimensionless groups provide the ability to absorb such uncertainties.
In nature, the temporal evolution of the shear zone is likely to become more complex. For example, the highly reactive solid oxides (like CaO or MgO) may seek alternative reactions (e.g., forming hydroxides in the presence of water), or fluids may infiltrate and escape [Badertscher et al., 2002; Hürzeler and Abart, 2008] . Also, the predicted fluid pressures on the PSZ are so high that hydraulic fractures (not modeled here but observed in the case of the Glarus thrust; see Figure 2 and Badertscher and Burkhard [2000] and Ebert et al. [2007a] ) must be a consequence of the oscillator. Furthermore, secondary metamorphic reactions can be triggered under far from equilibrium conditions. In addition, along the 40 km of the thrust, the behavior may change from the grain-size insensitive dislocation creep to diffusion creep [Ebert et al., 2007b] . These alterations would imply different spatiotemporal evolutions. Since the purpose of this work is to expose the fundamental chemomechanical oscillator for the Glarus thrust, such effects have not been included in the present work and would need further research in the future.
